Objectives. Some changes are found in the labyrinth anatomy during postnatal development. Although the spatial orientation of semicircular canals was thought to be stable after birth, we investigated the age-related orientational changes of human semicircular canals during development.
INTRODUCTION
The semicircular canals which perceive the head rotation and angular acceleration sit deeply in the petrous temporal bone. Up to now, several authors have well reported the geometry and spatial relationships of human semicircular canals [1, 2] . Their size and orientation are linked with the vestibular function, and the latter is more critical to locomotor agility than the former [3, 4] .
While prenatal development of human semicircular canals was studied, and some changes in semicircular canals size and orientation were found by some researchers [5] , postnatal semicircular canals development is more debated. It was believed that the morphology and spatial orientation of semicircular canals did not change significantly after birth. It now appears that the bimodal growth of cranium occurring during infancy and then again during puberty may have significant impact on the labyrinth anatomy, for instance, the cochlear orientation in children is different from that in adults [6] . However, current work on the postnatal changes in semicircular canals orientation is still very limited. We supposed that human semicircular canals orientation may change during postnatal development. Addi- tionally, these changes may be related to the asynchronous development of cranial base. To test our hypothesis, high-resolution computed tomography (CT) images of 152 normal temporal bones of 76 human subjects were reviewed. Semicircular canals orientation within the cranial base was calculated, and its relationships with the jugular bulb (JB) and mastoid processes were analyzed. The acquired data may be helpful in elucidating age-related orientational changes of human semicircular canals during postnatal development.
MATERIALS AND METHODS

Subjects
We retrospectively studied the CT images of both temporal bones of nearly 200 patients who were randomly selected and were investigated for hearing loss, tinnitus and other complaints in our hospital from January 2006 to April 2012. No subject had a complaint of vertigo or dizziness. The anatomies of all temporal bones of 76 subjects were assessed as normal by radiologists. There were 25 males of 22.7±16.2 years old (range, 1 to 58 years) and 51 females of 26.4±18.41 years old (range, 1 to 70 years).
The cranial base grows rapidly after birth and slows down gradually after the 6th year, and then undergoes another growth curve during puberty [7, 8] . Considering the possible impact of the cranial growth on semicircular canals anatomy, the subjects were divided into 4 age groups: group A (1-6 years old, n=14, 6 males, 8 females), group B (7-12 years old, n=10, 3 males, 7 females), group C (13-18 years old, n=7, 2 males, 5 females) and group D (>18 years old, n=45, 14 males, 31 females).
Data acquisition
All axial images were taken with multidetector row CT (Sensation 16, Siemens Medical Systems, Erlangen, Germany) in helical mode. Our scanning procedure followed the standard temporal bone imaging protocol. Scans were acquired with a tube voltage of 120.0 kV and a current of 180.0 mA. The images were reconstructed with 0.75-mm-thick sections at 0.5-mm increment, a 512×512 matrix of 0.43-mm pixel size and a FOV of 22.0 cm×22.0 cm. These images were displayed at a window center of 700 HU and a window width of 4,000 HU.
Postprocessing
CT DICOM images contain positioning data which defines the spatial coordinate in the superoinferior, anteroposterior and leftright directions. These images were observed in MIMICS 12.1 (Materialize, Leuven, Belgium) with a contrast scale between -1,024 HU (air) and 2,000 HU (bone). A series of 3-dimensional anatomical landmarks of temporal bones were taken from these images using this software.
It is difficult to ensure the subjects hold their heads in precisely the same position and orientation during the CT image acquisition. To ensure the accuracy of our calculation of semicircular canals orientation within the cranial base, we developed a standard 3-dimensional coordinate system which was defined by the Frankfurt horizontal plane (Pfrkt) and its perpendicular planes [9] . This system was based upon anatomical landmarks and independent of the subject head positioning during the CT examination. As a conventional reference plane in anthropometry, the Pfrkt plane is defined to pass through the left orbitale point (the left inferior orbital margin) and bilateral porion points (the superior margins of bilateral external auditory canals). The median sagittal plane (Psag) was defined as a plane passing through the top of the crista galli [10] and the midpoint of the line connecting the tips of bilateral posterior clinoid processes [9] and lying perpendicular to the Pfrkt plane. The coronal plane (Pcor) was defined as a plane passing through the midpoint of the line connecting the tips of bilateral posterior clinoid processes and lying perpendicular to both Pfrkt and Psag (Fig. 1) .
The ampullar and slender parts of semicircular canals and the common crus were studied in our calculation. The semicircular canal planes were defined by three anatomical landmarks for each canal [11] : the ampulla-side end, the non-ampulla-side end (or the bifurcation-side end for the vertical canals) and the extreme point for each canal. These landmarks included the centroids of cross sections of ampullary orifices of the anterior, posterior and horizontal semicircular canals, the centroid of cross section of nonampullary orifice of the horizontal semicircular canal, the centroid of cross section of orifice of the common crus, the bifurcation point of the common crus, and the superiormost, posterior-most and lateral-most points of the anterior, posterior and horizontal semicircular canals, respectively. The landmark of the JB was defined as the upmost point of the bulb [12] . Abbreviations throughout the article were summarized in the online-only supplement.
Calculation
The 3-dimensional coordinates (x, y, z) of each anatomical landmark were obtained from MIMICS. After that, coordinate values were imported into a self-developed calculation program LabyCalculation based on MATLAB software (MathWorks Inc., Natick, MA, USA). The point-to-plane distance and the angle between planes can be automatically calculated according to the analytical geometry using this software (for details see onlineonly supplement).
The spatial orientation of semicircular canals within the cranial base was defined as the angles between each canal and the standard reference planes (Fig. 2) . ∠A/Pcor, ∠A/Pfrkt, and ∠A/Psag referred to angles between the anterior semicircular canal plane and the Pcor, Pfrkt, and Psag, respectively. ∠H/Pcor, ∠H/Pfrkt, and ∠H/Psag referred to angles between the horizontal semicircular canal plane and the Pcor, Pfrkt, and Psag, respectively. ∠P/ Pcor, ∠P/Pfrkt, and ∠P/Psag referred to angles between the posterior semicircular canal plane and the Pcor, Pfrkt, and Psag, respectively. Angels between semicircular canal planes included angles between ipsilateral canal planes and between opposite synergistically acting canal planes (Fig. 3) . ∠ipsiA/ipsiH referred to angle between anterior and ipsilateral horizontal semicircular canals. ∠ipsiA/ipsiP referred to angle between anterior and ipsilateral posterior semicircular canals. ∠ipsiH/ipsiP referred to angle between horizontal and ipsilateral posterior semicircular canals. ∠leftA/ rightP referred to angle between left anterior and right posterior semicircular canals. ∠rightA/ leftP referred to angle between right anterior and left posterior semicircular canals. ∠rightH/ leftH referred to angle between bilateral horizontal semicircular canals. These angles were positive and ranged from 0° to 180°.
The JB position in the cranial base was defined as its distances from Pcor, Pfrkt, and Psag planes (JB-Pcor, JB-Pfrkt, and JBPsag), respectively. Its superoinferior position was expressed as positive value if it was located over the Pfrkt plane, and negative if under this plane. The mastoid air cells were reconstructed with a lower threshold of -1,024 HU and an upper threshold of -200 HU. The volume of mastoid air cells were automatically calculated by MIMICS.
All calculations in this study were practiced by a single investigator.
Statistical analysis
Differences among age groups were analyzed using Kruskal-Wallis test with Bonferroni correction (P<0.05). Relationships between semicircular canals orientation and JB position were analyzed using Pearson analysis (P<0.05). The data analysis was performed by Stata 10.0 (StataCorp LP., College Station, TX, USA).
RESULTS
As seen in Table 1 , ∠A/Pcor and ∠H/Pcor had tendencies to decrease with age and were smaller in adults (group D) than those in young children (group A) (P <0.05). Moreover, ∠P/Pcor still showed a nonsignificant tendency to decrease with age. These findings suggested that semicircular canals tilted anteriorly with age. As seen in Table 2 , the JB position had statistically significant correlation with semicircular canals orientation. There were neg- ∠ indicate the angle between 2 planes; A, P, and H indicate the anterior, posterior, and horizontal semicircular canal plane, respectively; JB-Psag, JBPcor, and JB-Pfrkt: The JB position in the cranial base was defined as its distances from Psag, Pcor, and Pfrkt planes, respectively. *P <0.05. **P <0.01. ***P <0.001.
ative correlations between JB-Pcor and ∠A/Pcor on both sides (on the left side, r=-0.29, P<0.01; on the right side, r=-0.26, P<0.05), which means the more posteriorly the JB located, the more anteriorly the anterior semicircular canal tilted. There were no statistically significant differences in angles between ipsilateral semicircular canal planes or angles between anterior and opposite posterior canal planes among age groups (Table 3) . ∠rightH/leftH was found to be smaller in group D than that in group C. However, the small sample size in group C may affect the reliability of this result. According to the information in Tables 1 and 3 , we assumed that the semicircular canals tilted anteriorly simultaneously as a whole with age.
As seen in Table 4 , there was a negative correlation between ∠ipsiP/ipsiH and JB-Pcor on the right side (r=-0.26, P<0.05). It suggested that the more anteriorly the right JB located, the larger angle between right posterior and right horizontal semicircular canals was.
Besides, the mean volumes of mastoid air cells in groups A, B, C, and D were 5.78±2.03, 9.76±4.35, 12.28±5.12, and 9.87± 5.91 mL, respectively. The volume of mastoid air cells in group A was smaller than that in groups C and D (P<0.05). However, no significant correlations between the volume of mastoid air cells and the spatial arrangement of semicircular canals were found in our study.
DISCUSSION
The postural balance control in human requires proper collaboration of somatosensory, visual and vestibular systems. Up to Values are presented as mean±SD. ipsi, ipsilateral. ∠ indicate the angle between 2 planes; A, H, and P indicate the anterior, horizontal, and posterior semicircular canal plane, respectively. Table 4 . Correlation coefficients between JB position and angles between ipsilateral semicircular canals now, several articles have discussed the geometrical features of semicircular canals in humans and other primates [13, 14] . The orientation and angular relationships of semicircular canals which are critical to vestibular function had been studied extensively. Several researchers observed reorientation of semicircular canals with increasing human fetal age, and stabilized at about 22 weeks of gestational age [5, 15] . It is unclear whether the environmental and behavioural factors such as surrounding structures development and bipedalism postnatally influence the semicircular canals orientation. To solve this problem, postnatal semicircular canals orientation was calculated and compared in the studied subjects of different age groups. The semicircular canals are frequently depicted as a mutually orthogonal collection of communicating canals [16] . However, pairs of ipsilateral semicircular canal were rarely perpendicular [2, 17] . Angles between anterior and ipsilateral posterior canal pairs were also found to significantly deviate from orthogonality by about 20 degree in our study. As the angles between semicircular canals are independent of the choice of coordinate systems, our calculation results of these angles were comparable to previous published results. As seen in Table 5 , our calculation results were very similar to those of Aoki et al. [11] . Therefore, the calculation method we used was reliable and effective.
The differences in the method of mapping semicircular canals can contribute to the different findings between studies. Much difference was found between our calculation results and those of Blanks et al. [2] who excluded the common crus and ampullae from measurement. The angles between opposite synergisti-cally acting canal planes in our study were smaller than theirs. Compared with the study by El Khoury et al. [10] who did not include the ampullae into calculation, angles between bilateral horizontal canal planes were smaller, while angles between other opposite synergistically acting canals were larger in our study. Jeffery and Spoor [5] found that the human horizontal canal tilted antero-inferiorly relative to the cranial base, in association with a coronal reorientation of the petrous bones with increasing fetal age. Besides, they also found the angle between anterior and ipsilateral posterior canals continued to open laterally until the ossification of the surrounding otic capsule finished [5, 15] . Due to the functional constraints, planar orientations of the semicircular canals are always thought to be conserved. However, there are maybe some postnatal developmental or behavioural factors which can influence the position and orientation of semicircular canals. In our study, we found the semicircular canals tilted anteriorly simultaneously as a whole with age without significant changes in the orientational relationships between ipsilateral semicircular canals. These changes correlated to the postnal development of JB, but did not correlate to the temporal bone pneumatization. Whether there is an association between those postnatal changes and head posture changes in human movement from crawling to walking is still unclear. Perhaps the head tilts back with age to compensate for the anterior tilt of semicircular canals. This assumption need to be studied in future with calculating the spine.
The JB is the largest and nearest blood vessel adjacent to the semicircular canals. The anteroposterior position of right JB correlated to both anterior semicircular canal orientation and angles between ipsilateral posterior and horizontal canals. However, much less correlations were found between the left JB position and the spatial arrangement of semicircular canals. This may be due to the more morphological variability of JB and higher incidence of high JB on the right side than those on the left side [18] [19] [20] .
The semicircular canals orientation helps determine the vestibular function. Berlin et al. [17] demonstrated that species with greater deviations from canal orthogonality, angle symmetry and coplanarity of synergistic canal pairs tended to have lower sensitivity to angular accelerations and to experience slower head rotations during locomotion. However, our calculation results showed a little difference in the coplanarity of synergistic canals and no differences in the canal orthogonality (angles between ipsilateral semicircular canal planes) between age groups. These results imply that the postnatal changes in the angles between semicircular canals may not affect the vestibular function. Although we found the semicircular canals had tendencies to tilt anteriorly simultaneously as a whole relative to the cranial base with age during postnatal development, the relationship between their anterior tilt and the vestibular sensitivity could not be proved by this study alone because of the lack of vestibular functional data. Whether a relationship between them exists need to be tested by a long-term prospective study.
The calculation methods, including ours, might enable the detection of pathological changes in vestibular morphology in a variety of diseases, such as vertigo and congenital inner ear abnormities, and contribute to the understanding of the etiopathogenesis of certain diseases. For example, the adolescent idiopathic scoliosis patients who have poor postural balance control are reported to have smaller distance between centers of lateral and superior canals and angle with vertex at the center of posterior canal [21] . The link between the vestibular anatomical change and the vestibular dysfunction is still poorly understood. The change in semicircular canals orientation might affect the flow dynamics of endolymph within them, which then affect the sensory hair cells and finally affect the perceptive sensitivity of the canal system.
The current methodology for semicircular canal morphology analysis is limited as the linear and angular measurement is difficult to explicitly depict the complicated topological features of semicircular canals. Besides, different sex ratios of each group and the small sample size of group C might increase the sampling error and affect the quality of the statistical analytical results to a certain extent.
In conclusion, the semicircular canals had tendencies to tilt anteriorly simultaneously as a whole with age. The JB position correlated to the spatial arrangement of semicircular canals, especially the right JB. Our study helps depict the orientational changes in semicircular canals during postnatal development. The calculation method in this paper may enable the detection of pathological changes in vestibular anatomy.
